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ABSTRACT: In this paper an original empirical formula for the prediction of the permanent crest settlement of earth dams
is proposed starting from the results of a large set of 2D dynamic finite element analyses carried out with reference to an
Italian zoned earth dam. Various seismic parameters, representative of the input motion, have been considered as possible
predictive variables, individually or in combinations, and an original seismic parameter is introduced to reliably describe the
variation of the crest settlement with the characteristics of the input motion in terms of amplitude, energy and frequency
content. The proposed empirical formula has been checked using data available in the literature with reference to two other
Italian earth dams, for which specific predictive formulas have been also derived. Finally, the use of the proposed seismic
parameter to check the possible occurrence of earthquake-induced limit states in earth-dam is also explored.

RESUME: Dans cet article, une formule empirique originale pour la prédiction du tassement permanent des barrages en
terre est proposée a partir des résultats d’un grand ensemble d’analyses dynamiques 2D par éléments finis effectuées en
référence a un barrage en terre zoné italien. Différents paramétres sismiques, représentatifs du mouvement d’entrée, ont été
considérés comme des variables prédictives possibles, individuellement ou en combinaison, et un paramétre sismique
original est introduit pour décrire de maniére fiable la variation du tassement de la créte avec les caractéristiques du
mouvement d’entrée en termes d’amplitude, d’énergie et de contenu fréquentiel. La formule empirique proposée a été
vérifiée a I’aide des données disponibles dans la littérature en référence a deux autres barrages en terre italiens, pour lesquels
des formules prédictives spécifiques ont également été dérivées. Enfin, 1’utilisation du paramétre sismique proposé pour
vérifier I’occurrence possible d’états limites induits par les tremblements de terre dans les barrages terrestres est également
explorée.
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1 INTRODUCTION

The seismic performance of an earth dam and the
possibly expected damage (freeboard loss, slope
instability, cracking and erosion of water tightness
elements, soil liquefaction) depend on several factors,
such as the type of dam, the construction materials, the
geometry, the foundation soils, the past loading history
and the characteristics of the seismic-induced ground
motion (e.g. USCOLD 1992, Adamo et al. 2020).

It is widely recognised (e.g. Swaisgood 2003,
Aliberti et al. 2019, Nardo et al. 2024a) that the
permanent crest settlement of earth dams represents a
suitable index of their seismic performance and of the
earthquake-induced level of damage.

Seismic-induced crest settlements can be evaluated
by performing numerical dynamic analyses that allow
simulating complex geometries, as well as
reproducing the non-linear soil behaviour through
advanced constitutive models; however, the
simulation of other stages necessary to reproduce the

pre-earthquake effective stress state can significantly
increase the computational effort.

Swaisgood (2003) investigated the factors that
influence crest settlement using 69 case histories of
performance of dams during strong and weak
earthquakes and proposed a relationship between crest
settlements and the peak horizontal ground
acceleration at the site of the dam. Although this
approach is promising, it does not consider the
mechanical characteristics of different dams.
Therefore, relationship calibrated on individual dams
may be more reliable.

As an alternative, some authors recently proposed
original empirical formulas valid for a single dam
giving the crest settlement as a function of an intensity
measure representative of the characteristics of the
input motion (e.g. Zefa et al 2022, Khalid et al. 2023,
Nardo et al. 2023).

In this paper, 2D dynamic finite element analyses
have been performed with reference to an Italian zoned
earth dam for which an accurate geotechnical
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characterization is available. Specifically, the seismic
response of the San Pietro dam was investigated using
to 58 rock outcropping earthquake records. In the
analyses the soil behaviour has been simulated using
an isotropic hardening elasto-plastic hysteretic model.

Several seismic parameters, representative of the
amplitude, energy, frequency and duration of the input
motion (Zefa et al., 2022) have been considered
(individually or in combinations) to detect the proper
variable for an accurate prediction of the permanent
crest settlements of the dam.

As a result, an original intensity measure and a
predictive formula (the latter valid for the San Pietro
dam) has been proposed. Results available in the
literature for two other Italian dams have been used to
check the effectiveness of the predictive formula
relating the proposed seismic parameter to the crest
settlements.

O,

Finally, the proposed intensity measure and the
predictive formula developed for the San Pietro dam
have been used to assess the occurrence of possible
limit states induced by the ground motion and hence
predict the seismic-induced level of damage expected
at the dam.

2  DAMS EXAMINED IN THE ANALYSES

The dynamic analyses presented in the paper refer to
the San Pietro dam. The results of dynamic analyses
relative to two other earth dams have been also
collected and analysed: namely, the Marana
Capacciotti dam, examined by FElia and Rouainia
(2013), and the Camastra dam, studied by Sica and
Pagano (2009). Figure 1 schematically shows the main
sections of these three dams.
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Figure 1. Object dams: a) San Pietro dam, b) Marana Capacciotti dam and c) Camastra dam.

2.1

The San Pietro dam is a zoned earth dam placed along
the Osento river in Campania, in an area of high
seismicity. It has a height of about 48 m (Figure 1a).

San Pietro dam
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The geotechnical characterization of the dam
embankment and of the foundation soils is based on
the results of the investigations described by Calabresi
et al. (2004). Data on the geotechnical soil properties
and on the seismic hazard of the dam site can be found
in Biondi et al. (2021) and Cascone et al. (2021).
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The dam has been modelled using a finite element
code, simulating the non-linear soil behaviour through
the HSsmall model, an isotropic hardening elasto-
plastic hysteretic model, available in the code library.
The calibration of the constitutive model for the soils
of the dam and of the foundation is described by
Casablanca et al. (2022) and Nardo et al. (2024b).

The values of the small strain shear modulus Gy
adopted in the analyses have been evaluated starting
from the small strain shear modulus profiles obtained
interpreting the results of available cross-hole tests.

The model parameters have been calibrated on the
results of oedometer tests, resonant column tests,
drained and undrained triaxial compression tests
carried out on undisturbed soil samples. The values of
model parameters are summarized in Table 1.

The numerical analyses have been performed in
plane strain conditions, discretizing the dam and the
foundation soils in a finite element mesh of about 5000
triangular 15-noded elements. The FE numerical
models used in the static and dynamic analyses are
depicted in Figure 2.

To reproduce the pre-earthquake stress-strain state
of the dam and foundation soils, under the static
conditions, the staged construction of the dam and the
subsequent impoundment of the reservoir have been
preliminarily simulated.

In dynamic analyses the coarse-grained soils of the
dam flanks below the phreatic line have been
considered in undrained conditions, according to the
Undrained A procedure implemented in the computer
code Plaxis. The portion of the flank above the
phreatic line is considered drained, neglecting the
effect of suction on the shear strength of the flank. The
previous assumption of a fully undrained flank was
preliminarily checked according to the relationship
provided by Zienkiewicz et al. (1980). Furthermore,
several fully coupled dynamic analyses have been
performed to verify the correctness of the fully
undrained assumption for the saturated flanks. The
results in terms of the excess pore water pressures and
crest settlements are practically comparable, so, the
assumption of fully drained behaviour of the saturated
flank seems to be reasonable.

Two sets of acceleration records have been used for
the dynamic analyses of the San Pietro dam:

e a set of 58 earthquake records, recorded on rock
outcropping sites, encompassing wide ranges of
amplitudes, energy and frequency contents with
the aim of exploring the seismic behaviour of the
dam at several intensity levels;

o avalidation set of 7 earthquake records, recorded
on rock outcropping sites, compatible with the
seismicity of the dam site (Biondi et al. 2021,
Nardo et al. 2024b).
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The first set of accelerograms has been used as a
calibration set for the development of a suitable
formula to predict the crest settlement of the San Pietro
dam. For this calibration set, the peak ground
acceleration (PGA =0.096 - 0.673g) and the Arias
Intensity (/a=0.01 - 2.01 m/s) vary within large
intervals (Nardo et al. 2024b), thus representing a
broad set of seismic motions, suitable to adequately
explore the dam response in a wide range of strain
levels. These intervals of PGA and /a also comprise the
values of the seismic parameters of the validation set
of 7 earthquake records which was used to validate the
proposed predictive formula.
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Figure 2. FEM adopted in the numerical analyses.

Table 1. Model parameters of the San Pietro dam.
Parameters Core Shell Alluvia Flysch
Es0 ref (MPa) 30 30 440 440
Eoed ref (MPa) 30 17.5 440 440

Eur rer (MPa) 90 216 1320 1320
m 0.66  0.78 0 0
Vur 0.2 0.2 0.2 0.2
p’ ref (kPa) 100 100 100 100
Go ret (MPa) 170 450 1100 1100
0.7 (%) 0.053 0.007  0.044 0.044
Cref 254 1 1 1
0 264 38 42 42
v 0 0 0 0
R 0.9 0.85 0.9 0.9

2.2 Marana Capacciotti dam

The Marana Capacciotti dam is a homogeneous earth
dam located in southern Italy and built between 1970
and 1975. Its height is about 57 m (Figure 1b).

Elia and Rouainia (2013) calibrated an advanced
kinematic hardening model (RMW model) to describe
the non-linear behaviour of the dam and foundation
soils in both static and cyclic loading conditions.

The FE analyses of the dam have been undertaken
assuming plane strain free draining conditions. To
minimize the lateral boundary effects, the mesh has
been horizontally extended approximately to three
times the width of the base of the embankment, and
vertically down to 42 m from the ground surface,
where a bedrock formation can be identified. Standard
boundary conditions along the vertical and bottom
sides of the mesh have been used during the static
analyses.
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The initial static stress state and the corresponding
model internal variables have been obtained following
the approach described by Elia et al. (2011). After the
simulation of the embankment construction, in four
layers, the subsequent reservoir impounding to the
maximum serviceability conditions has been
numerically reproduced through a coupled seepage
analysis.

The initial shear modulus profile along the dam
axis has been obtained as a result of the static analyses.
Once the static stress state has been initialized, the
dynamic simulations have been performed applying
the input motions to the solid nodes at the base of the
mesh as prescribed horizontal displacement time
histories, with fixed vertical displacement. To avoid
spurious wave reflections at the boundaries of the
foundation layer, tied-nodes boundary conditions have
been adopted along the lateral sides of the mesh.

The first natural frequency of the dam embankment
is 1.28 Hz corresponding to a fundamental period of
0.78 s (Elia and Rouainia 2013).

The selection of the input motions was based on the
seismic hazard study relative to the dam site.
Specifically, 5 earthquake records were selected and
scaled to two different PGA values, namely 0.127g and
0.425g, thus obtaining 10 input motions having Arias
Intensity in the range /a= 0.06 - 2.47 m/s.

2.3 Camastra dam

The Camastra Dam, built between 1963 and 1964, is a
zoned earth dam located in Southern Italy, in a seismic
prone area. It is characterized by a height of about
57 m (Figure 1¢).

The constitutive model adopted to simulate the soil
behaviour is the Hujeux model, characterized by both
isotropic and kinematic hardening.

The determination of the hardening parameters was
carried out by estimating a suitable G/Gy-y curve for
the soils at hand and then by back-analysing this trend
through the Hujeux model. The shear modulus at small
strains Gy was obtained from the shear wave velocity
measurements of the DH test and conventionally
referred to a value of shear strain equal to 10> %. The
model parameters have been set also considering the
results of triaxial and oedometer tests, carried out on
the core and shell materials during the design and the
construction stage.

The first natural frequency of the dam embankment
in the transversal direction is 3 Hz and was obtained
by interpreting several weak motion events recorded
by the Camastra Dam seismic network (Sica et al.,
2008).

The seismic response was investigated by Sica and
Pagano (2009) using 7 acceleration records as input
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motion, selected through a seismological study of the
dam site. The values of PGA and s of the selected
accelerograms vary in the intervals PGA=0.168-
0.528g and 1,=0.02 — 4.44 m/s.

3 ANALYSIS OF RESULTS

The results presented in this paper have been obtained
through dynamic analyses of the San Pietro dam,
carried out under plane strain condition using the
computer code Plaxis. Through the best-fit of the
numerical results, a predictive formula has been
calibrated to estimate the crest settlements of the dam
as a function of a suitable set of seismic parameters.
Specifically, screening analyses pointed out that the
intensity measure Ip = Ix T,/PGV??, defined by Nardo
et al. (2024b) as a suitable combination of the Arias
intensity /a, mean period 7y, and peak ground velocity
PGV, represents a proper predictive parameter to
assess the dam crest settlement.

Using an integral definition of the mean period and
the Parseval’s theorem, the product of /o 7w, can be
expressed in the following form:

1, T, == I o 'C*(w)dw
g9 €))

where o is the Nyquist frequency, C(®) is the Fourier
amplitude spectrum of the acceleration time-history,
is the circular frequency and g is gravity acceleration.
This form represents the area of the acceleration
amplitude Fourier spectrum weighted with respect to
the inverse of circular frequencies, thus implying that
lower frequencies have a larger weight.

PGV describes the motion amplitude at the
intermediate frequencies, providing a more accurate
indication of damage potential than peak ground
acceleration (Kramer 1996). Also, according to
Trifunac and Brady (1975) and Housner and Jennings
(1982), PGV can be correlated to the earthquake
intensity since it is directly associated with the energy
demand.

Thus, the use of the proposed intensity measure /p
allows accounting for the energy demand at both low
and intermediate frequencies which are generally more
relevant for geotechnical systems such as dams and
embankments.

Figure 3 shows the results of the analyses carried
out using the calibration set of accelerograms and the
linear best-fit described by eq. 2. In the figure the
results obtained wusing the validation set of
accelerograms are also plotted, showing a good
agreement with the proposed predictive formula.
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C — Risk analysis and safety evaluation

Using results of dynamic analyses relative to the
Marana Capacciotti (Elia and Rouainia 2013) and the
Camastra (Sica and Pagano, 2009) dams, it has been
confirmed that Ip is well related to the earthquake-
induced crest settlement and two specific different
predictive formulas, namely Eqgs. 3 and 4, have also
been derived.

The empirical predictive formulas proposed for the
San Pietro (Eq. 2), Marana Capacciotti (Eq. 3) and
Camastra (Eq. 4) are plotted in Figure 4 together with
the values of the permanent crest settlements adopted
in their derivation:

1’\/C :2’67]D (2)
w, :2,051[) (3)
WC :0,92'ID (4)

Equations (2)-(4) provides w, in cm as a function
of the proposed intensity measure Ip given in (cm-s)®>.
As described by Nardo et al. (2024b), differences in
the regression coefficients of the proposed formulas,
representin the gradients of the linear best-fits plotted
in Figure 4, can be ascribed to the factors affecting the
dynamic response of the dam.
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Figure 3. Crest settlements computed for the San Pietro
Dam and predictive formula (eq.1).
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Figure 4. Crest settlements computed for three earth dams
and relative linear best fits.
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Recently, Nardo et al. (2024a) and Aliberti et al.
(2019) proposed threshold values wcy/H of the
normalized crest settlement (i.e. the crest settlement
normalized with respect to the total height A of the
dam-foundation system) to check the possible
occurrence of serviceability (Operative limit states
OLS, Damage limit states DLS) or ultimate (Life
Safety limit states LLS and Collapse limit states CLS)
limit states. These threshold values were derived using
a large set of well-documented case-histories and
update those previously proposed by Swaisgood
(2003).

According to Nardo et al. (2024b), the combined
use of Ip and of the threshold values of the normalized
permanent crest settlement allows a reliable evaluation
of the earthquake-induced level of damage in earth
dams. An example of this combined use is presented
in Figure 5 with reference to the San Pietro, Marana
Capacciotti and Camastra dams.

For the San Pietro dam it is apparent that
accelerograms characterized by /p<3 do not induce
any damage since it is w/H < 0.1; values of Ip in the
range 3+11 correspond to normalized crest settlements
for which the OLS and DLS could be achieved; finally,
the Damage limit state could be attained for /p >12.
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Figure 5. Evaluation of the expected level of damage for
three earth dams.

Similar conclusions can be drawn for the Marana
Capacciotti and the Camastra dams. It can be observed
that, in the examined cases, the threshold value
wo/H = 1% is never reached (with only one exception
relative to the Marana Capacciotti dam) implying that
for the input motions considered herein these three
dams can only suffer moderate damage.

4 CONCLUSIONS

The seismic performance of the San Pietro dam has
been studied through a finite element analysis using

Proceedings of the XVIIl ECSMGE 2024



Evaluation of seismic-induced crest settlement of earth dams

two set of input motions and the obtained results have
been used to develop and verify a predictive formula
for the assessment of the crest settlement.

Analysing data available in the literature, it has
been verified that the proposed seismic intensity
measure is well correlated to the crest settlements, also
for other two Italian dams. Using a suitable
combination of the intensity measure /p and threshold
values of the normalized crest settlement recently
proposed by Nardo et al. (2024a) and Aliberti et al.
(2019), a simplified evaluation of the expected level of
earthquake-induced damage in the examined earth
dams has been proposed.
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